Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the USA with a 5-year survival rate less than 3% to 5%. Gemcitabine remains as a standard care for PDAC patients. Although protein neddylation is abnormally activated in many human cancers, whether neddylation dysregulation is involved in PDAC and whether targeting neddylation would sensitize pancreatic cancer cells to gemcitabine remain elusive. Here we report that high expression of neddylation components, NEDD8 and NAE1, are associated with poor survival of PDAC patients. Blockage of neddylation by MLN4924, a small molecule inhibitor targeting this modification, significantly sensitizes pancreatic cancer cells to gemcitabine, as evidenced by reduced growth both in monolayer culture and soft agar, reduced clonogenic survival, decreased invasion capacity, increased apoptosis, G2/M arrest, and senescence. Importantly, combinational treatment of MLN4924-gemcitabine near completely suppressed in vivo growth of pancreatic cancer cells. Mechanistically, accumulation of NOXA, a pro-apoptotic protein and ERBIN, a RAS signal inhibitor, appears to play, at least in part, a causal role in MLN4924 chemo-sensitization. Our study demonstrates that neddylation modification is a valid target for PDAC, and provides the proof-of-concept evidence for future clinical trial of MLN4924-gemcitabine combination for the treatment of pancreatic cancer patients.
Introduction
Pancreatic ductal adenocarcinoma (PDAC) is the fourth leading cause of cancer death in the USA and one of the deadliest human malignancies with only 3-5% 5-year survival [1] . Mutational activation of the K-RAS oncogene occurs in 95% of cases, and inactivation of tumor suppressors, p53 and PTEN, occurs at~50% to 60% of cases [2] [3] [4] . In addition, NFκB, a downstream mediator of mutant K-RAS signaling in PDAC [5, 6] , was constitutively activated in most primary pancreatic cancers and cell lines [7, 8] , due to at least in part the overexpression of β-TrCP [9] , a F-box protein of SCF (SKP1, Cullins, F-box proteins) E3 ligase that recognizes IκB for targeted degradation [10] . A recent study based upon whole genome sequencing revealed that PDAC has an average of 63 genetic mutations per cancer and involves alterations in 12 distinct signaling pathways [11] . Thus, it is unlikely that drugs that target a single mutated gene product will be effective against PDAC [12] .
Protein neddylation is a process of tagging ubiquitin-like molecule NEDD8 (neural precursor cell expressed, developmentally downregulated 8) [13] , to a lysyl residue of a substrate protein [14, 15] through a cascade catalyzed by three enzymes. The E1 NEDD8-activating enzyme (NAE), consisting of NAE1 (also known as APP-BP1) and UBA3 heterodimer; the E2 NEDD8-conjugating enzymes (UBE2M and UBE2F); and the E3 NEDD8 ligases, mainly consisting of a few RING domain-containing proteins, such as RBX1 and RBX2 (for review see [15] ). Increasing experimental data have shown that the process of protein neddylation is abnormally activated in a number of human cancers and blockage of this modification by MLN4924, a small molecule inhibitor of NAE [16] , has shown anti-cancer efficacy both in preclinical and clinical settings [15, 17, 18] . However, whether abnormal neddylation modification is involved in PDAC and associated with patient survival remain elusive.
Standard therapy for locally advanced pancreatic cancer is gemcitabine in combination of radiation [19, 20] . We have recently shown that MLN4924 significantly sensitized pancreatic cancer cells to radiation both in vitro and in vivo with mechanism involving accumulation of a few SCF substrates, such as CDT1, WEE1, and NOXA, in parallel with an enhancement of radiation-induced DNA damage, aneuploidy, G2/M phase cell-cycle arrest, and apoptosis [21] . Potential additive or synergistic effect of MLN4924 with gemcitabine against pancreatic cancer cells has not been systematically determined.
In this study, we report that two essential components of protein neddylation, namely, NEDD8 and NAE, are highly expressed in PDAC tissues. Importantly, high expression of either protein is significantly associated with poor survival of patients. Using two pancreatic cancer cells lines, we found that MLN4924 significantly sensitizes cancer cells to gemcitabine, as assayed by both in vitro cell culture and in vivo xenograft tumor models, with mechanism involving accumulation of NOXA and ERBIN, further confirmed by siRNA-based rescue experiment. Our study validated that neddylation modification is an attractive therapeutic target for pancreatic cancer and provided a sound rationale for future clinical trial in combination of gemcitabine with MLN4924 for the treatment of this deadly disease. Figure 1 . High expression of NEDD8 and NAE1 is associated with poor survival of PDAC patients. Kaplan-Meier curves for overall survival rate of patients with pancreatic cancer according to the expression of NEDD8 (A) and NAE1 (B), respectively (log-rank test). P b .05.
Methods

Reagents
The antibodies were purchased from indicated vendors: NEDD8, DEPTOR, pIκBα, pERK, ERK, pAKT, BIM, pS6K, p4EBP1, and 4EBP1 (Cell Signaling); ERBIN (Novus Biologics); CUL1, IκBα, AKT, and S6K (Santa Cruz); p21, and p27 (BD Biosciences); NOXA (Millipore), and NAE1 and β-actin (Sigma). The siRNAs targeting NOXA, ERBIN and control siRNA were described previously [22, 23] . Immunostaining kit was obtained from DakoCytomation California, Inc. (Carpinteria, CA). ATP-lite kit was obtained from Perkin Elmer (Boston, MA). Boyden chamber for invasion assay was obtained from BD Bioscience (San Jose, CA).
Cell Culture and Growth Assays
Panc-1 and Miapaca-2 cells were purchased from American Type Culture Collection (ATCC). Authentication of 2 cell lines were provided by the Sequencing Core Facility at the University of Michigan through fragment analysis. DNA profile of two cell lines completely matches with that posted at the ATCC website, respectively.
Cells were cultured in DMEM supplemented with 10% fetal calf serum. Cell growth and survival with or without drug treatment were evaluated by ATP-lite, soft agar and clonogenic assays, as described previously [24] [25] [26] .
Immunohistochemical (IHC) Staining
Human pancreatic cancer tissue arrays were stained by standard IHC with NAE1 and NEDD8 antibodies by Shanghai Biochip, Shanghai, China. Briefly, the tissue array sections (5 microns) were dehydrated and subjected to peroxidase blocking. Primary antibodies were added and incubated at room temperature for 30 min on the DAKO AutoStainer using the Dako-Cytomation EnVision + System-HRP (DAB) detection kit. The slides were counterstained with hematoxylin. The staining images were acquired under microscopy, and staining intensity was scored from weak (+) to very strong (++++). (600) were seeded in 60-mm dish and treated with MLN4924 (for 48 h), gemcitabine (for 4 h) alone or in combination (gemcitabine for 4 h, washed, followed by MLN4924 for 48 h). Cells were then cultured in fresh medium without drugs for additional 10-12 days, and colonies formed were fixed, stained and photographed. The colonies with greater than 50 cells were counted and plotted. Shown is X ± SEM from three independent experiments, each run in duplicate. Student t test was performed. *, P b .05; **, P b .01.
Tissue Collection, Clinicopathological Characteristics of Patients, and Data Analysis
All patients underwent surgery treatments in accordance with clinical practice guidelines by the National Comprehensive Cancer Network (NCCN). Fresh primary pancreatic cancer tissues and adjacent pancreatic tissues were collected from 77 pancreatic carcinoma patients undergoing resection from December 2004 to December 2007, at the Taizhou Hospital (Taizhou, China). Histological diagnosis and tumor-node-metastasis (TNM) stages of cancer were determined in accordance with the criteria by the American Joint Committee on Cancer (AJCC) manual for pancreatic cancer. Written informed consent regarding tissue and data usage for scientific purposes was obtained from all participating patients. The study was approved by the Research Ethics Committee of Taizhou Hospital. Patient information and tissue sources were provided by Shanghai Biochip from which tissue microarrays were purchased.
Data are presented as mean ± SD and the Student t test was used for the comparison of parameters between two groups. Survival was analyzed using the Kaplan-Meier method and compared by the log-rank test. The Cox proportional hazards model was used to calculate hazard ratios (HRs) and their corresponding 95% confidence intervals (CIs) with adjustment for potential confounders. SAS software, version 9.2 (SAS Institute, Inc., Cary, NC, USA) and Statistical Program for Social Sciences (SPSS) software 17.0 (SPSS Inc., Chicago, IL, USA) were used for statistical analyses. All statistical tests were two-sided.
Fluorescence Activated Cell Sorting (FACS)
FACS analysis was performed as described [27] . Briefly, cells after treatment with MLN4924 or gemcitabine, alone or combination for various time periods were harvested and fixed in 70% ethanol at −20°C for at least 4 h. Cells were then suspended in 1 x Propidium Iodide solution with 400 mg/ml RNase (Roche), and analyzed in the Flow Cytometry Lab facility at the University of Michigan. The percent of apoptosis is the percentage of cells in the sub-G1 population. The percentage of cells at each phase of cell cycle was recorded and plotted.
SA-β-Galactosidase Staining for Senescence
The pancreatic cancer cells were seeded in 6-well plate, and treated with MLN4924 or gemcitabine alone or in combination for 48 h. Cells were then subjected to SA-β-gal staining, as described [28] .
Invasion Assay
The Boyden chamber invasion assay (BD Biosciences) was performed according to manufacturer's instruction. Briefly, cells were seeded in the upper chamber with serum-free DMEM containing MLN4924 or gemcitabine, alone or in combination. The bottom chamber contained 10% DMEM without drugs. Cells were incubated at 37°C for 48 h, then fixed in 100% methanol for 2 min, stained with 1% toluidine and 1% borax solution for 2 min. Cells in five fields on each filter were photographed at 40× magnification and counted. Percentage of invasion was calculated as siRNA-Based Knockdown PANC1 and Miapaca-2 cells were transfected by Lipofectamine 2000 with siRNA oligonucleotide, specifically targeting ERBIN [23] or NOXA, along with scrambled control (siCon) [22] . Cells were harvested 48 h post-transfection and subjected to western blotting or clonogenic assay.
Western Blotting Analysis
Sub-confluent cells after treatment with MLN4924 or gemcitabine, alone or in combination for various time periods were harvested and subjected to Western blotting analysis.
In Vivo Anti-Tumor Growth
All animal studies were conducted in accordance with the guidelines established by the University Committee on Use and Care of Animals. Five million MiaPaCa-2 cells were inoculated subcutaneously into nude mice (6 per group, except for control group, which has 14). The mice were randomized and the treatment started when the tumor size reached 100 mm 3 at 14 days after inoculation. MLN4924 (30 mg/kg, s.c.) were given once a day, 5 days a week, whereas gemcitabine (120 mg/kg, s.c.) was given once a week, alone or in combination for 7 weeks. The growth of tumors was measured twice a week for 7 weeks, and average tumor volumes were calculated, as estimated from the formula (L × W 2 )/2. At the end of experiment, tumors were harvested, weighed, and photographed. Linear mixed effects model was used to compare tumor growth rates between treatment groups based on log-transformed tumor volumes measured over time. The model includes a random intercept and a random slope to allow each tumor has its own growth profile. The fit of the model was visually checked by various residual plots. Additionally, we compared tumor volume doubling times between treatment groups. Tumor volume doubling was determined for each xenograft by identifying the earliest day on which it was at least twice as large as on the first day of treatment. A cubic smoothing spline was used to obtain the exact time of doubling. Then the doubling times were estimated using Kaplan-Meier methods and compared between groups using Log-rank tests. ANOVA (one-way analysis of variance) was used to compare animals' weights followed by the Tukey's test for the multiple comparisons. All analyses were conducted using SAS (version 9.4, SAS Institute, Cary, NC). Pb.05 was considered statistically significant.
B-Spline basis functions were used to estimate the cell growth curves (Figure 2, A Figure 4 . Inhibition of invasion. Panc-1 and Miapaca-2 cells (6x10 4 ) were seeded into upper chamber of Boyden chamber with serum-free media containing indicated concentrations of MLN4924 (for 48 h) or gemcitabine (4 h), alone or in combination (Gemcitabine for 4 h, washed, then MLN4924 for 48 h). The bottom chamber contained 10% DMEM without drugs. In the end of experiments, cells were fixed, stained and counted using DMSO control setting at 100%. Shown are X ± SD (n = 2). Student t test was performed, **, P b .01.
variable is a cubic B-spline basis with three equally spaced knots positioned between the minimum and maximum values of that variable [29] . PROC GLIMMIX in SAS was used to estimate the curves and make comparisons between treatment groups. In the regression model, there is a main effect of treatment group, which creates separate intercepts for the groups, and an interaction of the group variable with the spline effect creates separate trends. The comparisons at each dose were derived from the regression model.
Results and Discussion
High Levels of NEDD8 and NAE1 in PDAC Tissues are Correlated with Poor Patient Survival
Our previous studies have shown a positive correlation between overexpression of NEDD8 and NAE1, two essential neddylation components, and poor prognosis in patients with cancers in the lung [30] , liver [31] , intrahepatic cholangiole [32] , esophagus [33] , and brain [34] . Here we extended these studies to human pancreatic ductal adenocarcinoma (PDAC) by using immunohistochemical staining (IHC) to measure the protein levels of NEDD8 and NAE1 in PDAC tissues (n = 77). We scored the intensity of IHC staining from the low (+) to medium (++), strong (+++) and very strong (++++) ( Figure S1 ).
We then performed X 2 analysis of staining intensity of these two proteins vs. patient clinical characteristic and found no correlation with patient age, sex, tumor stages and node status ( Table 1 ). The univariable COX regression analysis, however, revealed that high expression of NEDD8 or NAE1 is associated with poor overall survival of PDAC patients (Table 2) . Importantly, multivariable cox regression analysis identified both NEDD8 and NAE1 as independent prognostic factor for overall survival of pancreatic carcinoma patients (Table 2) . Moreover, Kaplan-Meier analysis showed that the overall survival rate was statistically significantly lower in PDAC patients with high expression of NEDD8 ( Figure 1A , Pb.041, n = 77) or NAE1 ( Figure 1B , Pb.028, n = 77) than that in patients with low expression of these proteins, respectively. Thus, it appears that high expression of NEDD8 and NAE1 in pancreatic cancer is significantly associated with worse prognosis of patients.
MLN4924 Sensitizes Pancreatic Cancer Cells to Gemcitabine
We next determined whether inactivation of neddylation modification by MLN4924, a small molecule inhibitor of NAE [16] , would enhance growth suppression by gemcitabine. We first used a standard cell growth ATP-lite assay to generate IC 50 curve of MLN4924 and gemcitabine against both Panc-1 and Miapaca-2 pancreatic cancer cells ( Figure S2, A and B) . The IC 20 and IC 50 concentrations of MLN4924, along with the vehicle control, were used in combination of various concentrations of gemcitabine to generate a growth suppression curve. Indeed, a dose dependent growth suppression was observed by gemcitabine alone treatment. Addition of MLN4924 either at concentrations of IC 20 or IC 50 caused the greater growth inhibition, which is also in a dose dependent manner ( Figure 2, A and B) . The difference was statistically significant at low gemcitabine concentrations (Table S1 ). However, the combination appears to cause an additive effect with a maximal suppression reaching up to 70-80% ( Figure 2, A and B) . We also performed clonogenic assay to determine the effect of MLN4924 on survival of pancreatic cells, alone or in combination with gemcitabine. And again, the combination caused the highest suppression (Figure 2 , C-F). We further used soft agar assay to determine the effect of MLN4924 on anchorage independent growth, alone or in combination with gemcitabine. Indeed, the combination caused significantly more growth suppression in both cancer cell lines (Figure 3, A-D) . Thus, MLN4924 sensitized pancreatic cancer cells to gemcitabine.
Enhanced Suppression of Invasion by Combination of MLN4924 and Gemcitabine
We next determined the effect of MLN4924, alone or in combination with gemcitabine, on invasion capacity of pancreatic cancer cells.In Panc-1 cells, MLN4924 at 50 nM caused 60% inhibition, whereas gemcitabine at 500 nM caused~70% inhibition. The combination of both induced 80% inhibition which was statistically significant (Figure 4,  A and B) . Likewise, in Miapaca-2 cells, single drug treatment caused 75% inhibition, whereas the combination caused up to 90% inhibitions, which is again statistically significant (Figure 4, A and B) . Thus, MLN4924 alone suppressed invasion of pancreatic cancer cells as well as enhanced the effect of gemcitabine.
MLN4924 Gemcitabine Sensitization is Mediated by Induction of Apoptosis, G2/M Arrest, and Senescence
We then determined the nature of growth suppression using FACS analysis. Cells were grown in monolayer culture for up to 3 days with samples harvested at every 24 h. Apoptotic cells were indexed by sub-G1 population. FACS profile revealed that MLN4924 failed to induce apoptosis, whereas gemcitabine caused minor induction. Combination of both drugs caused significantly more induction of apoptosis in a time dependent manner: the longer treatment period and the greater apoptosis induction ( Figure 5A ). Compared to gemcitabine alone treatment, the combinational treatment caused significant induction G2/M arrest in both pancreatic cell lines ( Figure S3 ). Furthermore, using β-gal staining as the readout, we observed induction of senescence in both lines by each individual treatment, and the combinational treatment caused the maximal induction of senescence ( Figure 5, B and C) . Thus, the growth suppression induced by two drugs alone or in combination appears to be mediated by the induction of apoptosis, G2/M arrest and senescence.
Enhanced Suppression of In Vivo Tumor Growth by MLN4924-Gemcitabine Combination
Finally, we used xenograft tumor model of Miapac-2 cells and determined the effect of two drugs alone or in combination on in vivo tumor growth in nude mice [21] . Tumor growth was moderately inhibited by the treatment with MLN4924 (30 mg/kg, 5 times per week), more significantly inhibited by the treatment with gemcitabine (120 mg/kg, once a week). A near complete growth inhibition was achieved in combinational treatment ( Figure 6A, Figure S4 ). Analysis of weight of tumor mass harvested at the end of experiment showed a statistical difference between alone and combinational group ( Figure 6, B and C) . Finally, the dosage used was not toxic to the animals as judged by a minimal loss of body weight ( Figure 6D ). Taken together, the results demonstrated that MLN4924 indeed sensitizes pancreatic cancer cells to gemcitabine, using both in vitro cell culture and in vivo xenograft tumor model.
Mechanism of MLN4924 Action
Activity of Cullin RING ligase (CRL) requires cullin neddylation, which is inhibited by MLN4924 [16] . To elucidate potential mechanistic action of MLN4924 as a gemcitabine sensitizer, we first focused on few growth-regulatory substrates of CRL1 (also known as SCF) E3 ligase with expected accumulation. We first confirmed that MLN4924 indeed inhibited cullin neddylation ( Figure 7A top panel) and caused accumulations in both cell lines of DEPTOR, an mTOR inhibitor; pIκBα, an inhibitor of NFκB; p21 and p27, two inhibitors of cyclin dependent kinases [15, 18] (Figure 7A ). However, we did not see further accumulations of these proteins in combinational treatment ( Figure 7A ), suggesting that it is unlikely that these proteins will play a critical role in chemo-sensitization. On the other hand, we did observe combinational treatment caused higher accumulation of (a) NOXA, a pro-apoptotic protein, shown to be a CRL5 substrate [22, 35] , and (b) ERBIN, a natural occurring inhibitor of RAS-MAPK pathway [36, 37] , a recently characterized substrate of SAG-CRL1 [23] in both pancreatic cancer cell lines ( Figure 7A ). Given the fact that NOXA is a p53 transcriptional target [38] , whereas both Panc-1 and Miapaca-2 cells harbors mutant p53 [39, 40] , the drug-induced NOXA accumulation is likely p53-independent, rather due to inhibition of cullin-RING ligase activity to block its degradation in case of MLN4924 effect.
We next performed rescue experiment to elucidate if accumulated NOXA or ERBIN is causally related to MLN4924 gemcitabine sensitization via siRNA-based knockdown ( Figure 7B ), followed by clonogenic survival assay ( Figure 7 , C and D, Figure S5, A and B) . In Panc-1 cells, while ERBIN knockdown significantly inhibited colony survival alone or in combination of MLN4924 or gemcitabine, NOXA knockdown stimulated it and rescued suppressive effect of either drug alone, or in combination ( Figure 7C, Figure S5A ). In Miapaca-2 cells, knockdown of either NOXA or ERBIN stimulated colony survival and rescued drug inhibitory effect alone or in combination ( Figure 7D , Figure  S5B ). Taken together, our results suggest that MLN4924-induced accumulation of NOXA plays a causal role in gemcitabine sensitization, whereas ERBIN acts in a cell-line dependent manner to overcome gemcitabine resistance by blocking MAPK signals [41] . MLN4924-induced accumulation of NOXA and ERBIN plays a causal role in gemcitabine sensitization. Panc-1 and Miapaca-2 cells were seeded into 60-mm dishes and treated with MLN4924, gemcitabine alone or in combination as described in Figure 5 legend. Cells were harvested after being cultured at 10% DMEM for 48 h before being lysed for Western blotting analysis using indicated antibodies (A). PANC-1 and Miapaca-2 cells were seeded into 6-well plates and transfected with siRNA targeting NOXA (siNOXA) or Erbin (siErbin), along with scrambled control (siCon) for 6 h. After transfection, cells were split for drug treatment as described in Figure 2 legend for 48 h, and harvested for Western blotting (B), or cultured for additional 10-12 days for clonogenic growth (C&D). Colonies were stained and counted. Shown is X ± SEM (n = 3). Student t test was performed. *, P b .05; **, P b .01, as compared to siCon group. Note that much longer exposure was conducted in (B) than (A) for ERBIN detection.
MLN4924 belongs to the same drug category as Velcade (also known as Bortezomib or PS-341), the first class of general proteasome inhibitor, approved by the FDA for the treatment of relapsed/ refractory multiple myeloma and mantle cell lymphoma [42] . Given Velcade is a general inhibitor of proteasomes that inhibits the degradation of a wide array of cellular proteins, the drug toxicity is high which has limited its utility due to many associated side-effects [43] . In contrast, by inhibiting cullin neddylation, MLN4924 selectively inhibits only cullin-RING E3 ubiquitin ligases (CRLs) [16] , with anticipated lesser toxicity. Due to its high potency against many types of human cancers, and less toxicity in normal cells in preclinical setting, MLN4924 is currently being advanced to several Phase I/II clinical anticancer trials [15] (http://www.cancer.gov/ search/ResultsClinicalTrials.aspx?protocolsearchid=7656926). Our previous study showed that MLN4924 sensitized pancreatic cancer cells to radiation [21] . Here we showed that MLN4924 can act as a potent chemo-sensitizer as well to enhance the effect of gemcitabine against pancreatic cancer cells by inducing apoptosis, which is causally related to NOXA accumulation. Our study provides proof-of-concept evidence for future clinical trial of gemcitabine-MLN4924 combination to treat pancreatic cancer.
